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ABSTRACT
Chloroplasts  isolated  from  Euglena  gracilis incorporated  both  tritiated  thymidine  5'-tri-
phosphate and  tritiated deoxyadenosine  5'-triphosphate  into  an  acid-stable  fraction.  The
incorporation  was  dependent  on  the  presence  of  all  four  deoxynucleoside  triphosphates
and  was sensitive  to  treatment with deoxyribonuclease  and  actinomycin D.  It was demon-
strated  that  bacterial  contamination  could  not  account  for  the  incorporation  of label.
Extraction  of DNA  from  the chloroplasts  and  subsequent  density  gradient  centrifugation
of the DNA in  CsCI 2showed  that the incorporation  was into chloroplast DNA  (p  =  1.686)
of high molecular  weight.
INTRODUCTION
The  existence  of  DNA  in  chloroplasts  has  now
been established  (reviewed  by Schiff and Epstein,
reference  13,  and Kirk, reference  9),  and questions
as  to  the function  of this DNA  and the degree  of
autonomy  it  confers  upon  a  chloroplast  can  be
raised.  Recently,  Scott  and  Smillie  showed  that
the  chloroplast  DNA  of Euglena gracilis could  an-
neal  specifically  with  the  ribosomal  RNA  of the
chloroplasts  (14).  They  suggested  that  one  of the
functions  of the DNA  was  to  code for  chloroplast
ribosomal  RNA.  This function  and  other  aspects
of the function of DNA in chloroplast development
have  been  discussed  by  Smillie  et  al.  (16)  and by
Kirk (10).
There  is  some  evidence  for  an  independent
DNA  polymerase  system  in  chloroplasts.  Chiang
and  Sueoka  (2)  have  shown  that  the chloroplast
DNA  of  Chlamydomonas  reinhardii replicates  at  a
different  stage  of  the  cell  cycle  than  nuclear
DNA.  Spencer  and  Whitfeld  (17)  and  Tewari
and Wildman  (18)  have  shown  that  TTP-3H'  is
' TTP  =  thymidine  5'-triphosphate.
rapidly  taken  up  into  an  acid-insoluble  fraction
in  isolated  chloroplasts  of  young  spinach  and
tobacco  plants,  respectively.  Isolation  and  char-
acterization  of  the  labeled  products  have  shown
that  the  uptake  was  predominantly  into  the
chloroplast  DNA.  Uptake  of  TTP-'
4 C  into  the
mitochondrial  DNA  of  isolated  mitochondria
has also been  shown  recently  (12).
In  the experiments  reported  here,  we  describe
the uptake  of TTP-
3 H  and  dATP-
3 H
2 into  DNA
of  isolated  Euglena  chloroplasts  and  demonstrate
that  this  uptake  is  into  high  molecular  weight
DNA  of  the  same  density  as  Euglena chloroplast
DNA.
MATERIALS  AND  METIIODS
TTP-3H  (4.8 c/mmole) and dATP-
3H  (3.8 c/mmole)
were  purchased  from  Schwarz  Bio  Research,  Inc.,
Orangeburg,  N.Y.  The  CsC12 used  in  the  density-
gradient  experiments was BDH  (British  Drug Houses
2 dATP  =  deoxyadenosine  5'-triphosphate.
151Ltd.) laboratory  reagent grade  and  all other reagents
were  of analytical  grade.
Deoxyribonuclease  (electrophoretically  pure)  was
purchased  from  Worthington  Biochemical  Corp.,
Freehold,  N.  J.  and  ribonuclease,  type  1 A,  from
Sigma  Chemical  Co.,  St.  Louis,  Mo.  Ribonuclease
was  dissolved  in  0.01  M Tris,  pH  7.5,  and  heated  at
90C for  10 min before  use.
Chloroplasts  were  prepared  from  cultures  of  Eu-
glena  gracilis, strain Z, grown autotrophically  (15)  and
harvested  during  the  logarithmic  phase  of growth.
The packed,  fresh cells  (30-40 ml)  were washed  with
300  ml  of  10%  sucrose,  0.01  M Tris/HCI  pH  7.6,
0.004 M  MgC12,  and 0.001  M  -mercaptoethanol,  were
resuspended  in  80-100  ml  of  the same  buffer,  and
then broken  in a French  pressure  cell  at 8,200-9,600
lb/in
2,  pressure  much  higher  than  that  previously
reported  (4).  The procedure  described  by  Eisenstadt
and Brawerman  (4)  was followed from  this point,  but
the  chloroplasts  were  used  for  incorporation  studies
immediately  after they had  been  prepared.  The  pro-
cedure  was monitored  continuously  by  light  micros-
copy,  and  the  final  preparation  consisted  of  large
chloroplasts  (4-6 /,) and  no  whole cells.  The  number
of bacteria  in the preparation  was estimated  by  plat-
ing serial  dilutions  of  the  chloroplasts  on  2%  agar
containing  8%  Bacto  Nutrient Broth  (Difco  Labora-
tories, Detroit,  Mich.).
DNA  synthesis  by  isolated  chloroplasts  was  meas-
ured by  suspending the chloroplasts  in 2  10 volumes
of  10%  sucrose,  0.01  M Tris/HCl  pH  7.6,  0.004  M
MgCI2,  and  0.001  M  -mercaptoethanol,  and  incu.
bating  the  mixture  with  dATP-3H  (5  /uc,  approxi-
mately  1 mpemole)  and  50  mpmoles  each  of dGTP,
dCTP,  and either dATP or TTP in a final volume  of
1  ml.  At  the end  of the  incubation  period,  2  ml  of
ice-cold  normal formic  acid in methanol  were  added,
and  the  precipitate  was  collected  by  centrifugation.
The  precipitate  was washed  four  times  with ice-cold
5%  trichloroacetic  acid,  and  then  extracted  four
times with methanol  to remove colored  material. The
pellets  were  quantitatively  transferred  to  counting
vials,  dried,  and  then  solubilized  by  standing  over-
night with  0.5  ml NCS solubilizer  (Nuclear-Chicago
Corporation,  Des  Plaines,  Ill.).  Radioactivity  was
measured  in  a  Packard  3365  liquid  scintillation
counter  after addition  of 15  ml  of "diotol"  fluor  (7).
Chlorophyll  was  measured  after  extraction  with
acetone  (1).
For the isolation of labeled DNA, the incubation of
chloroplasts  with TTP-3H  was scaled  up,  and  25  ml
of chloroplasts  (about  100  mg  of chlorophyll)  were
incubated  with 50  /zc of TTP-3H  and  250  m/umoles
each of dATP,  dGTP,  and  dCTP.  After  15  min,  the
reaction  mixture  was  centrifuged  for  3  min  at  3000
g, and the chloroplast pellet was frozen  at - 15°C and
then  thawed;  the  DNA  was  isolated  as  previously
described  (Scott and  Smillie,  reference  14).  A sample
TABLE  I
Uptake of TTP-3H and dA TP-H into an Acid-Insoluble Fraction
of Euglena Chloroplasts
Isolated Euglena chloroplasts  were incubated  with TTP-3H
or  dATP-3H  as described  in  the text.  Deoxyribonuclease,
ribonuclease,  or  inhibitors  were  added  10  min before  the
addition of nucleotides.  The concentration  of 3H in experi-
ments  1 and  3  was  5 pc/ml,  and in experiments  2 and  4  it
was 2  /uc/ml.
Experiment
Labeled  nucleotides
TPP-aII  dATP-aH
1  2  3  4
cpm  cpm
Complete  system  7862  1169  2147  2691
Minus unlabeled nucleoside
triphosphates  554  623  611  1052
Minus  TTP  - - 1186
Deoxyribonuclease  (10  358  389  359  381
pg/ml)
Ribonuclease  (10  ug/ml)  6058  1082  867  2732
Actinomycin  D  (1 pg/ml)  - 1045  - 2367
Actinomycin  D  (10  ug/  4771  761  - -
ml)
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3 I  into
an  acid-insoluble  fraction  of  Euglena
chloroplasts.  The  chloroplasts  were
incubated  with  dATP-
3 H  (5  c/ml),
and  the  uptake  of  3H  into  a  ribo-
nuclease-treated,  acid-stable  fraction
was  determined  as  described  in  the
text. Fig.  1 a  shows  the  time  course
of the uptake,  and Fig.  1 b  shows the
effect of varying  the concentration  of
chloroplasts.
of the DNA (about 300  Ag)  and 0.01  M Tris, pH  7.0,
in a final volume of 3.4 ml was mixed with 4.275 g of
CsC12 in a polypropylene  tube; the mixture  was over-
laid  with  mineral oil  and centrifuged  at 33,000  rpm
for 60 hr at 25
° in the No. 40 rotor of a Spinco  model
L  centrifuge.  An  18  gauge  needle  was  carefully  in-
serted  through a drilled cap  to the bottom of the tube,
and  45  fractions  were  withdrawn  by  means  of  a
peristaltic  pump.  Each  fraction  was  diluted  to  3  ml
with water,  and the absorbancy at 260 mg/  was deter-
mined.  For  radioactivity  measurements,  fractions
were cooled  to 0°C and brought to 5% trichloroacetic
acid  by addition of 30%  ice-cold trichloroacetic  acid.
After  standing  for  30  min, the  precipitated  material
was collected on a membrane filter (MF-50; Sartorius
Membranfilter  GmbH,  Gttingen,  Germany)  and
washed  with cold  5%  trichloroacetic  acid. The filter
was  dried  and counted  in a  toluene  fluor containing
3  g  of 2,5-diphenyloxazole  and  0.2  g  of p-bis-2,5-
diphenyloxazole  in  1  liter  of  toluene.
For  radioautographic  investigations,  the  chloro-
plasts  were  washed  three  times  with  5%  perchloric
acid and  several  times  with  distilled  water  after  the
incubation  with  TTP-3H  or  dATP-3H.  They  were
then plated on gelatinized slides  and dried for 2 days.
The slides were either  dipped into a mixture  of water
and  emulsion  (Ilford  G-5,  1:1; v/v)  or coated  with
Kodak  AR-10  stripping  film.  After  an  exposure  of
4-6 wk, the  slides were developed  in D-19 developer
for  4 min  and fixed  in Kodak  acid  fixer  for  10  min.
The  radioautographs were studied without  the use  of
stains,  since  the  chloroplasts  retained  most of  their
chlorophyll.  In  some  preparations  after  the series  of
washings  with distilled water,  the  chloroplasts  were
digested  with deoxyribonuclease  (1  mg/ml)  or ribo-
nuclease  (1 mg/ml)  in 0.1  M phosphate buffer  at pH
7.5 for  2 hr at 37
0C. After  two washes  with cold 5%
perchloric  acid  and again several washes with water,
radioautographs  were  prepared  as  described  above.
RESULTS
The uptake  of TTP-
3H  (experiments  1 and  2)  and
dATP-
3H  (experiments  3  and  4)  into  an  acid-
insoluble  fraction  of  isolated  Euglena  chloroplasts
is  shown in Table  I. The  uptake of each precursor
was dependent  on  the  presence  of the other three
deoxynucleoside  triphosphates,  although  some
preparations  of chloroplasts  appeared  to  contain
sufficient  endogenous  substrates  for  the  main-
tenance of some  incorporation (e.g. experiment 2).
Pretreatment  of  the  chloroplasts  with  deoxy-
ribonuclease  greatly  reduced  the  incorporation  of
TTP-
3H  and  dATP-3H.  Pretreatment  with
ribonuclease  had  no  effect  on  incorporation  of
TTP-3H  into DNA,  but it sometimes  affected  the
uptake  of dATP-
3H.  Actinomycin  D  at  I  ug/ml
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0FIGURE  2  Radioautograph  of  isolated  chloroplasts  from Euglcna after  uptake  of TTP-311.  The experi-
mental  procedure  is  described  in  the text.  The chloroplasts  on  the slides  were  treated with  ribonuclease
before  radioautography.  Note  location  of  label  on  or  in  the chloroplasts.  X  1000.
had  no effect,  whereas  at  10  ug/ml  it reduced  the
uptake  of nucleotides considerably.
In  Fig.  1 a,  a  time  course  experiment  shows
that  under  our  experimental  conditions  uptake
stopped  after about 15  min at 300C but that there
was  no  apparent  loss  of  incorporated  material
after  uptake  had  ceased.  Within  a  limited  range
of chlorophyll concentrations,  the uptake of dATP-
3H  was approximately  proportional  to the chloro-
plast concentration  (Fig.  1 b)
Radioautography  of  the  chloroplasts  after
incubation  with  TTP-3H  (5  guc/ml)  showed  that
the  H  was  located  on  or  in  the  chloroplasts
(Fig.  2). The  level of contamination  of the chloro-
plasts  with  other  subcellular  fractions  was  very
low,  and  almost  all  the  silver  grains  were  above
chloroplasts.  It  can  be  seen  that  virtually  every
chloroplast  has  been  labeled  and  that  there  is
also an even spread of label throughout the prepa-
ration  with  no  particular  concentration  in  any
one  area. Thus it appears that all  the chloroplasts
are  active  in  DNA  synthesis.  The  silver  grains
were  counted  on  the radioautographs  of the con-
trol samples and of samples which had been treated
with  deoxyribonuclease  and  ribonuclease  before
being coated  with emulsion.  Table  II shows  that
the  majority  of  the  3H  in  the  chloroplasts  was
labile to deoxyribonuclease  whether TTP or dATP
was used as  the labeled  substrate.
DNA  prepared from Euglena chloroplasts  which
had  been  incubated  with  TTP-3H had  a 280/260
extinction  ratio of 0.60.  As  is  shown in Table  III,
the  3H  in  this  material  was  stable  to  treatment
with  cold  acid,  alkali,  and  ribonuclease.  Treat-
ment  with  either  hot  perchloric  acid  or  deoxy-
ribonuclease reduced  the amount of 3H that could
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Grain Counts on  Radioautographs of Euglena Chloroplasts after
Incorporation  of  TTP-3H or dA TP-H
The  incorporation  of TTP-
3H  or  dATP-
3H  into  isolated
chloroplasts  was  determined  by  radioautography  as  de-
scribed  in  the  text  and  by  counting  the  number  of grains
over a given area  of the  slide. Ribonuclease  (1 mg/ml)  and
deoxyribonuclease  (1 mg/ml)  treatments  were  applied  be-
fore radioautography  as  described  in the text.  The  figures
in brackets are  the grain counts  expressed  as  a  percent  of
the controls.
Grain count  so
Treatment  TTP-3H  dATP-3H
Control  31.6i3.1  (100)  42.1 +3.8 (100)
Deoxyribonuclease  7.641.6  (24)  13.92.3  (33)
Deoxyribonuclease
+  ribonuclease  0.3±0.11(1)  0.4+0.18(1)
-A  20
... 31.
0.02
0
0.02
0
+ DNa
0  10  20  30
FRACTION  NUMBER
still be precipitated by cold 5 % trichloroa
the hot acid  almost completely degrade
terial,  and deoxyribonuclease  degraded
portion  of  it.  The  lack  of total  digesti
oxyribonuclease  may have been due to i
time  of incubation  or  to  a  residual  dec
clease-stable  core.
1500
F1GTII;  3  UIptake  of  TTP-
311  into
1)NA  extracted  from Euglena chloro-
1000  plasts.  The  chloroplasts  were  incu-
bated  with  TTP-
3 H,  and  the  DNA
E  was  extracted  and  then  centrifuged
500  o  on  a  ('sC12  gradient  as  described  in
to  the texl. 
T he distribution of the DNA
(solid line)  and  the  3H  (dotted  line)
0  in the fractions  is shown  in the upper
graph where fraction  1 is at the densest
end  of  the  gradient.  The  bottom
se  graph  shows  the  distribution  of  IJV
absorbing  material  and  of  3H  in  the
gradient  after a  3.4  ml  sample  of  the
11  500  DNA had  been  incubated  with  5  ug
i......."...  of  deoxyribonuclease  before  centri-
fugation.  In the upper  graph, the left
'°I...  0  hand peak is nuclearDNA  (p  =  1.707),
40  50  and  the  other  is  chloroplast  DNA
(p  =  1.686).
acetic acid:  The isolated  DNA  was fractionated  on  a CsC12
ed  the ma-  gradient;  in  Fig.  3 the  separation  of "chloroplast"
the major  DNA  (p  =  1.686)  from  "nuclear"  DNA  (p  =
ion  by  de-  1.707)  is  seen.  The  uptake  of  TTP-3H  appears
insufficient  to  be  almost  solely  into the  chloroplast  DNA.  If
oxyribonu-  any  significant  amount  of 3H  had  been  taken  up
into  nuclear  DNA  of high  molecular  weight,  it
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Uptake  of  TTP-3H  into  DNA  Isolated from
Euglena Chloroplasts
TTP-
3H was incorporated  into  chloroplasts  as
described  in  the  text.  DNA  was  extracted
and  dissolved  in  0.05  M Tris  pH  7.5  contain-
ing 0.005 M MgCI 2,  and  samples  were  treated
with  deoxyribonuclease,  ribonuclease,  alkali
or  hot  acid.  The  radioactivity  remaining  in
acid-insoluble  material  after  these  various
treatments  was  determined  as  described  in
the text.
Precipitated  by  5%
Treatment  of  DNA  (30  Mzg)  trichloroacetic  acid
cpm
None  1975
0.3  N NaOH,  30°C,  18  hr  2051
Ribonuclease,  10  ug,  37°C,  1 hr  1889
Deoxyribonuclease,  5  ug,  37°C, 1 hr  303
5%  perchloric  acid,  90°C,  15  min  29
should  have  appeared  as  a  definite  peak  in  the
tail of the chloroplast DNA peak.  Fig. 3 also  shows
that  the  materials  responsible  for  both  the  UV
absorbing  and  the  3H  peaks  were  labile  to  de-
oxyribonuclease.  The  appearance  of  what  is
apparently  nuclear DNA in  preparations  of DNA
from chloroplasts  is  universal  (5,  9,  10,  13,  17,  18)
but as yet has not been adequately  explained.  The
3H chloroplast DNA was of high molecular weight
as  indicated  by  its  ability  to  band  in  a  CsC12
gradient  (I  1).
DISCUSSION
The  requirement  for  all  four  deoxynucleoside
triphosphates  and  DNA  and  the  inhibition  of
nucleotide  uptake  by  relatively  high  concentra-
tions  of  actinomycin  D  are  characteristics  of
DNA polymerase  systems  (8,  17,  18).
The decreased incorporation  of dATP-3H  in the
presence  of  ribonuclease  was  found  occasionally
(experiment  3,  Table  I)  and could  mean  that  an
RNA  template  is  necessary  for  incorporation  of
some  dATP  into  an  acid-insoluble  fraction  of
chloroplasts.  The  grain  counts  of the  radioauto-
graphs  (Table  II)  showed  that  there  was  some
lability of the  products  of TTP-3H  and dATP-3H
uptake  to  ribonuclease.  These  results  could  also
mean  that there  are  nucleotide  salvage  pathways
in the chloroplast  which  direct  some  of the  input
nucleotides  to  RNA,  or  that  there  were  small
amounts of undetected  labeled  precursors  of RNA
in  the  isotope  preparation.  However,  when  the
radioactive  material  was  isolated  from  chloro-
plasts, it behaved  as DNA.
The uptake of TTP-3H and dATP-3H into DNA
by  isolated  chloroplasts  cannot  be  attributed  to
bacterial  contamination.  Bacterial  counts  on
some  of these  preparations  have  shown  less  than
one  bacterium  per  200,000  chloroplasts,  and  no
increase  in  bacterial  contamination  during  the
15  min  of incubation  with  labeled  substrate  was
found.  The counting efficiency for 3H in the results
shown  in  Table  III  was  about 20%,  and  it can
be  calculated  that  this  uptake  of TTP-3H  repre-
sented  about  one  base  in  100,000.  Since  one
Euglena  chloroplast  contains  about  the  same
amount  of DNA as  a bacterium (9),  then less than
one  in  200,000  bases  in  the DNA  population  was
bacterial.  If a  quarter of these  bases  were thymi-
dine,  then  an eightfold  increase  in  bacteria would
have been required to attain the uptake of TTP-3H
shown  here.  Other  factors  which  preclude  the
synthesis  of bacterial  DNA  as  significant  include
the  even  spread  of label  through  all  the  chloro-
plasts  (Fig.  2),  the  falloff  in rate  of incorporation
of  H  with time  (Fig.  1 a), and the location  of the
3H in the chloroplast DNA peak of a CsC12 gradient
(Fig.  3).
The  incorporation  of  the  TTP-3H  almost solely
into  the  chloroplast  DNA  fraction  (Fig.  3)  sug-
gests  the  existence  of  a  specific  mechanism  for
synthesizing  chloroplast DNA.  Such  a mechanism
could  operate  in  several  ways.  The  DNA  poly-
merase  in  the  preparation  may  be  specific  for
chloroplast DNA per se  as a template,  in the same
manner  that  the  RNA  replicases  of some  phages
are  specific  for  their  own RNA  (6).  Alternatively,
the contaminating nuclear DNA may be physically
impeded from reaching the chloroplast DNA poly-
merase either by the outer membrane of the chloro-
plast or because  of the location  of the polymerase
and  the  chloroplast  DNA  within  the  chloroplast
ultrastructure.
Both  Spencer  and  Whitfeld  (17)  and  Tewari
and Wildman  (18)  found  that  uptake  of TTP-3H
was  predominately  into  chloroplast  DNA,
although  about  50%  of  the  total  DNA  in  their
chloroplast  preparations  was  nuclear;  and  this
again  suggests  a  specific  chloroplast  DNA  poly-
merase  system.  Wintersberger  has  shown  that
there  is  a specific DNA polymerase  system in yeast
mitochondria  (19).
We  cannot  determine  from  these  experiments,
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whether  we  are studying  a  repair  mechanism  or
de novo  synthesis  and  replication  of  chloroplast
DNA.  Apart  from  the  conclusive  evidence  of
Chiang  and  Sueoka  (2)  which  shows  that  repli-
cation  of chloroplast  DNA  in  Chlamydomonas rein-
hardii is  regulated  independently  of the  nuclear
DNA,  there  is  also  indirect evidence  that  chloro-
plast  DNA  replicates  independently  of  nuclear
DNA in Euglena (3)  and  in  tobacco  (5).  Thus  the
most  likely role  for  the  DNA  polymerase  activity
described  here  would  be  in  the  replication  of
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DNA  in  the  chloroplast,  and  this  role  is  con-
sistent  with  the  concept  that  the  chloroplast  is  a
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